In chickens, there is a single functional gene (Vu 1) coding for the heavy chain variable region of immunoglobulins, and immunoglobulin diversity is generated by gene conversion of the Vn 1 gene by many variable region pseudogenes (YVn's) that exist on the 5' side of the Vu 1 gene. To understand the evolution of this unique genetic system, we conducted statistical analyses of Vu 1 and YVH genes together with functional Vn genes from other higher vertebrate species. The results indicate, first, that chicken VH genes are all closely related to one another and were derived relatively recently from an ancestral gene belonging to one of the three major groups of VH genes in higher vertebrates. Second, the rate of nonsynonymous substitution is slightly higher than that of synonymous substitution in the complementarity-determining regions (CDRs), which suggests that diversity-enhancing selection has operated in the CDRs even for pseudogenes. However, both the rates of synonymous and nonsynonymous substitution are higher in the CDRs than in the framework regions ( FRs), apparently because of an interaction between positive selection and meiotic gene conversion in the CDRs. Third, a dot matrix analysis of the YVn genes and genomic diversity (D) genes has indicated that the 3' end of YVu genes is attached by D-gene-like sequences, and this region of YVu genes has high similarity with D gene sequences. This suggests that V and D genes were fused at some point of evolutionary time and this fused element multiplied by gene duplication. Finally, two alternative hypotheses of explaining the evolution of the chicken Vu gene system are presented.
Introduction
In most higher vertebrates immunoglobulin molecules are encoded by four different multigene families (i.e., the variable [VI, diversity [D] , joining [J] , and constant [C] gene or gene segment families), and immunoglobulin diversity is generated by random combination of these genes and junctional variation that occur during the gene rearrangement events for producing complete heavy and light chain immunoglobulin genes. In addition, somatic mutation is known to generate further diversification of rearranged genes. In chickens and possibly many other avian species, however, there are single functional V and J genes (Reynaud et al. 1989) , and immunoglobulin diversity is generated mainly by somatic gene conversion of this functional V gene by many V pseudogenes that exist on the 5' side of the functional gene (see fig. 1 and the review articles by McCormack et al. 199 1, 1993) . Therefore, the mechanism of generation of immunoglobulin diversity in chickens is radically different from that of nonavian vertebrate species. However, it remains unclear how this unique system has evolved. Recently, we (Ota and Nei 19940 ) studied the phylogenetic relationships of heavy chain variable region (Vn ) genes from diverse species of vertebrates and showed that the functional Vu genes in higher vertebrates (mammals and amphibians) can be classified into three major groups. It is therefore interesting to know how the heavy chain functional gene (Vn 1) and pseudogenes ('Wu's) in chickens are related to these three groups of genes. Another interesting problem is whether positive Darwinian selection operates at the antigen-binding sites or the complementarity-determining regions (CDRs) of YVu's. It has previously been shown (Tanaka and Nei 1989) 
that in the CDRs of functional
Vu genes from humans and mice, the number of nonsynonymous differences per nonsynonymous site is greater than the number of synonymous differences per synonymous site, and thus positive selection has operated at the CDRs. In chickens, pseudogenes are used as the source of immunoglobulin diversity by means of somatic gene conversion, so they are not really dead genes. If the CDRs of these genes are really important for generating immunoglobulin diversity, they are expected to show the same pattern of nucleotide substitution as that in the CDRs of mammalian functional genes. Another inter- esting feature of the chicken YVn gene system is that DNA segments on the 3' side of YVn's show some sequence similarity with genomic D genes (Reynaud et al. 1989 ). However, no one has done a detailed analysis of this problem, and the extent of the similarity remains unclear. If the similarity is high, it will raise a question how such similar sequences on the 3' side of YVu's have arisen.
The main purpose of this paper is to give some answers to the above three questions, considering all information available about chicken and other Vu genes. We will also present some hypotheses about the origin of the chicken Vn gene system.
Evolutionary Relationships of Chicken VH Pseudogenes with Other VH Genes
The chicken genome is considered to contain more than 80 YVn's, but only 11 complete pseudogene sequences are available in the literature, though there are seven more truncated or incomplete sequences. In our studies, we used all of these 11 pseudogene sequences plus the functional Vn 1 gene (Reynaud et al. 1989) . The alignment of these sequences is presented in figure 2. We constructed a phylogenetic tree for these sequences together with 10 representative Vu genes from Xenopus Zaevis, 7 genes from humans, and 11 genes from mice. The source of these sequences was presented elsewhere (table 1 of Ota and Nei 1994a) . All the sequences used in this paper were germline sequences rather than those that were subjected to somatic modification.
The V region of immunoglobulins consists of the complementarity-determining regions (CDRs) and the framework regions (FRs). The CDRs are responsible for antigen binding and are highly variable; there are both amino acid differences and insertions/deletions. Because of this high variability, it is often difficult to align amino acid or nucleotide sequences in these regions. We therefore eliminated all the codons involved in the CDRs and used only the FRs for our phylogenetic analysis. Since some deletions/insertion sites were excluded even from the FRs, the total number of codons used was 64 (see fig. 2 of Ota and Nei 1994a) .
We ( Ota and Nei 1994a) used deduced amino acid sequence data for constructing our phylogenetic tree, because the sequence divergence of the Vu genes was extensive. In the present paper, we are primarily interested in the divergence of chicken YV, genes and their relationships with Vu genes from higher vertebrates. Therefore, we used DNA sequence data, which are more informative for constructing trees for closely related genes. However, our statistical analysis has shown that the frequencies of nucleotides A, T, C, and G at the third codon position vary considerably among different species (table 1) . In chickens, the G+C content is very high, but it is relatively low in Xenopus. Since this variation in G+C content can disturb phylogenetic inference, we decided to use only the first and second codon positions in this study. A phylogenetic tree for the 40 sequences was constructed by using the minimum-evolution method (Rzhetsky and Nei 1992) with Jukes and Cantor's ( 1969) distances. The phylogenetic tree obtained is presented in figure 3 . The Vn genes in higher vertebrates can again be classified into three major groups (i.e., the group A, B, and C genes). This branching pattern is essentially the same as that given previously (Ota and Nei 1994a) . Chicken genes clearly belong to group C, but they form a tight cluster with a 99% confidence probability. They are also closely related to each other compared with human, mouse, and Xenopus genes. This suggests either that they are of recent origin or that the genes have been homogenized by concerted evolution. However, all YVn genes seem to have been derived from a single group C gene that is ancestral to both mammalian and avian Vn genes.
One interesting feature of the chicken gene cluster is that, unlike many other mammalian YVn genes (see Ota and Nei 1994a) , the chicken YVn genes do not have a long branch compared with the functional gene Vu 1. This is quite unusual but is understandable because the chicken YVu's are not really dead genes. Although the DNA sequences for other YVn genes are not available now, it seems that other chicken genes are also closely related to the genes used here (see Reynaud et al. 1989 ).
If we assume that the genomic YVn genes diverged primarily by gene duplication, it is possible to estimate the divergence time between the functional Vn gene and the most divergent YVn gene ( YVu 15-11). The JukesCantor distance (d) for this pair of genes is 0.074. Gojobori and Nei ( 1984) previously estimated that the rates of nucleotide substitution per site per year for the first and second codon positions of the FRs in humans and 
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mice are 1 .O 1 X 10 -9 and 0.65 X 10 -9, respectively. Therefore, the average rate ( h) is 0.83 X 10 -9. If we use this rate, the time of divergence (t) between Vu 1 and '#'Vu 15-l 1 is estimated to be 45 ( = d/ [ 2h]) million years (MY). This estimate will be an overestimate if YVn genes evolve faster than functional Vu genes. However, chicken YVu genes do not seem to have evolved particularly faster compared with the functional gene, as mentioned above. Therefore, our estimate appears to be acceptable as a first approximation. At any rate, our estimate suggests that the chicken pseudogenes evolved much later than the time of emergence of birds (about 150 MY ago). The duplications of YVH'S after the emergence of birds are consistent with another feature of the YVH'S. In chickens, a 60-80-kb DNA segment covers the entire Vu gene cluster ( Reynaud et al. 1989) ) whereas a 2.5-3.0-megabase DNA segment contains the Vu gene cluster on chromosome 14 in humans (Matsuda et al. 1993 ) . The physical distance between two contiguous Vu genes in chickens is very short ( -0.85 kb on the average) compared with either that of human ( -10 kb; Matsuda et al. 1993) or of Xenopus ( -5 kb; Haire et al. 199 1) . This suggests that the chicken YVu genes have arisen relatively recently by tandem gene duplication.
Synonymous and Nonsynonymous Substitutions
One of the simplest ways to study positive Darwinian selection for a given region 'of protein is to compare the number of synonymous nucleotide differences per synonymous sites (ps) and the number of nonsynonymous differences per nonsynonymous sites (PN) (Nei 1987) . To estimate these quantities, we used Nei and Gojobori's ( 1986) method allowing stop codons in the evolutionary pathways. The standard errors of mean ps and PN ( js and &) were then computed by our method (Ota and Nei 1994b ). It has already been shown (Tanaka and Nei 1989 ) that the excess of pN over ps owing to positive selection in the CDRs is observed only when ps is small, because multiple nucleotide substitutions disturb the relationship of the rates of synonymous and nonsynonymous nucleotide substitution. We therefore classified the comparisons of ps and PN into four groups according to the ps values for the entire V region (PST ). Then 2s and & were computed for the CDRs and the FRs separately.
The results obtained are presented in table 2 and figure 4. In the CDRs, & tends to be greater than as when PST is less than 0.15. However, only when &T < 0.05 is PN significantly higher than ps at the 5% level. Figure 4 also shows that PN tends to be greater than ps in the CDRs when ps is small. However, PN tends to saturate more quickly than ps. By contrast, & and ps are nearly the same in the FRs, though & tends to be higher than p N . None of the differences between ps and PN in the FRs is statistically significant. This relationship between ps and & is different from that for mouse and human Vu genes, where fiN is generally much lower than &.
There is another important difference in the relationships of fis and pN between chicken YVH'S and mammalian functional Vu's In mouse Vu genes, js's are nearly the same for both the CDRs and the FRs. In chicken YVH'S, however, both js and & are considerably higher in the CDRs than in the FRs. The reason for this seems to be that germline Y/Vu genes in chickens have been subject to occasional gene conversion. Figure  5 shows the germline nucleotide sequences of Vu 1 and five YVH'S. Several pairs of these genes show fragments of identical or nearly identical sequences, which are probably generated by meiotic gene conversion. A study of polymorphism of Vu 1 and YVu genes (Benatar and Ratcliffe 1993) has also suggested that YVu genes are subject to meiotic gene conversion. If gene conversion occurs in the CDRs, the mutant allele generated will often be selected for, because it gives a new type of antibody. Therefore, the rate of nonsynonymous nucleotide substitution will be enhanced. In this case, however, the rate of synonymous substitution will also 3.-A phylogenetic tree of immunoglobulin heavy chain variable region genes. There are three major groups (A, B, and C) of Vu genes among the tetrapods. A number given to an interior branch is the probability at which the branch length is different from 0 (confidence probability). The confidence probability < 90% is not given. Xe, Xenopus laevis (African toad); Mm, Mus musculus (mouse); Hs, Homo sapiens (human). The branch lengths are measured in terms of the number of nucleotide substitutions per site with the scale given below the tree. be enhanced because of the "hitchhiking effect." When gene conversion occurs in the FRs, there will be no enhancement of either the nonsynonymous or the synonymous rate, because there will be no positive selection in this case. Therefore, the higher values ofjs and & in the CDRs than in the FRs can be explained by the interaction of positive selection and meiotic gene conversion.
Diversity-like Segments Attached to the 3' End of YV$s Reynaud et al. ( 1989) noted that a diversity (D)-like segment is attached to the 3' end of YVn's that contributes to the diversification of the rearranged VDJ gene in chickens. To visualize the similarity of D genes to the D-like sequences of YVu genes, we conducted a dot matrix analysis comparing 11 YV, genes and 16 D 37.4 +-9.6 30.7 +-7.0 11.9 + 3.1 6.9 f 1.5 25.6 + 6.7 27.3 z!z 5.8 7.4 + 2.0 5.7 -t 1.2 *ps and pi were estimated by Nei and Gojobori's (1986) method, and their standard errors were obtained by our earlier Ota and Nei ( 1994b) method.
b PST is the ps value of the entire variable region (both CDRs and FRs). ' Codons in CDR 1 and CDR2 were used. * & is significantly higher than ps at the 5% level.
genes (Reynaud et al. 199 1) . This analysis showed that with the J gene. Case 3 shows similar nucleotide sequence all D genes are quite similar with one another as well as similarity between YVu 15-9 and the D3 gene. with the 3' ends of YVu genes. Figure 6 shows a few cases in which the similarity between D genes and the Evolution of the Chicken VH Gene System 3' ends of YVn genes is particularly high. The first case is the similarity between YVn57-1 and the D 1, D4, D7, D8, and D 11 genes. A D gene codes for about 10 codons, and the five D genes in this group are closely related to one another. The similarity of these D genes with the middle portion of the D-like segment of YVu57-1 is very high. Case 2 shows the similarity between YVu57-11 and the D5, D6, D9, DlO, D12, D13, D14, and D15 genes. This group of D genes again show high similarity with the beginning part of the D-like segment of YVu57-11. Interestingly, YVn57-11 also has partial similarity .7 t CDRs .7
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The genomic structure of Vu genes and the mechanism of generating immunoglobulin diversity in chickens are drastically different from those of mammals (McCormack et al. 1991) . How did this unique system evolve? For now, this question remains virtually unanswered. In light of the present statistical analyses, however, it is possible to offer two alternative hypotheses.
First, one thing seems to be obvious. That is, the ancestral form of the Vu gene system was the same as that of mammalian species, because fishes and Xenopus apparently have essentially the same system as 
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yv,57-10 that of mammals (Litman et al. 1993) . We have observed that all chicken Vu genes have been derived from an ancestral Vu gene belonging to the group C genes, and they are closely related to one another. This means that the group A and B genes in the ancestral species have been lost from the genome. It also means that many divergent genes belonging to group C have been lost. Therefore, it seems that a large portion of genetic variability among different loci was lost in the early stage of avian evolution and that the current VH gene system evolved to cope with the deficiency of immunoglobulin diversity due to loss of many functional genes. This loss of functional genes may have occurred by population size bottlenecks or an extended period of population size reduction that caused accumulation of deleterious mutations by genetic drift. Wyles et al. ( 1983) proposed the hypothesis that all the current orders and families of birds were derived from a single bird species or family that survived the worldwide catastrophe around 65 MY ago when an asteroid hit the earth and resulted in months of darkness and mass extinction (Alvarez 1983 ). This hypothesis is consistent with the observation that the molecular distances between different genera of birds are considerably smaller than those of other vertebrates (Avise and Aquadro 1982) . It is also interesting to note that our estimate (45 MY ago) of the time of origin of chicken Vu pseudogenes is somewhat lower than 65 MY ago.
There are two explanations (hypotheses) for the evolution of Vu pseudogenes in chickens. One is to assume that they originated from functional genes like those of mammals, and at the time of population size reduction all of them except one became nonfunctional owing to accumulation of deleterious mutations in the promoter region or coding region. The fact that virtually no polymorphism exists at the major histocompatibility complex loci of cheetah (O'Brien et al. 1985 ) and mouse populations living on small islands (Figueroa et al. 1986) suggests that loss of a certain extent of antigen recognition capacity for a short evolutionary period is not critical for the survival of the species. Indeed, complete suppression of the expression of immunoglobulin K light chain genes in mice does not seem to impair the survival of the individual in laboratory conditions (Weiss et al. 1984) . At any rate, once the genes became nonfunctional, a new genetic mechanism of gene conversion apparently evolved to compensate the deficiency of immunoglobulin diversity. Initially gene conversion probably
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6.-Similarity between the 3' ends of chicken YV,'s and diversity segment (D) genes occurred by one or a few donor pseudogenes located upstream of the functional gene (Vu 1 ), and later one of these pseudogenes duplicated many times to produce the present group of pseudogenes. All the present YVu genes are known to lack the promoter region, recombination signals, and leader peptide region, which can be explained if we assume that the original pseudogene already lacked these regions. This hypothesis also explains why the physical distance between two contiguous YVH genes is so short in chickens.
Alternatively, one can assume that the gene conversion mechanism existed before many Vu genes became nonfunctional. Indeed, Maizels ( 1989 ) pointed out the possibility that somatic mutation that occurs in mammalian mature Vu genes is actually caused by somatic gene conversion. Note also that somatic gene conversion is known to occur to generate immunoglobulin diversity in rabbits ( Knight 1992 ) . If similar gene conversion occurs occasionally in the germline gene, it makes it easy to explain the evolution of chicken YVu genes. That is, if a gene conversion mechanism similar to that of the rabbit Vu genes once evolves, inactivation of the transcription system of functional Vu genes except the Vu 1 gene would not be harmful to the individual as long as stop codons are prevented from accumulating in the coding region. However, even in this hypothesis it is necessary to assume that the current YVu genes have arisen by recent gene duplication.
There is one problem in the above hypotheses. That is, they cannot explain the presence of a D-like segment attached to the 3 ' end of YVu genes. To explain this peculiar feature of the chicken Vu gene system, it is necessary to assume that at some point of evolutionary time a fused VD gene appeared, and this fused gene then multiplied many times by gene duplication. The fused gene may have occurred either by germline rearrangement of the V and D genes or by reverse transcription of a somatically rearranged VD gene. Although no direct evidence exists of germline rearrangement of V and D genes, some V and D genes are fused in cartilaginous fishes (Litman et al. 1993) . In contrast, the scenario of reverse transcription is attractive, because the absence of the promotor region, recombination signals, and leader peptide region from YVu can easily be explained by this process. However, it seems to be very difficult to have the VD element to be reverse-transcribed precisely into the genomic place where the functional Vu gene is located.
At any rate, the above hypotheses are no more than speculations at this time. To understand the real process of evolution of the avian Vu gene system, we need more information on the genomic organization of both Vu and VL genes from related species.
